We studied current-induced magnetization reversal in elliptical spin valves with CoFeB free layers. The data obtained from high-speed pulsed switching experiments showed that the intrinsic switching current densities were size dependent and 50%-100% higher than predicted by a single-domain model. Micromagnetic simulations reveal a complex behavior of magnetization switching in which end-mode oscillations are important, and indicate that the switching current density depends on the device dimensions. Experimental values for the intrinsic switching current density agree with those predicted by micromagnetic simulations. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2953980͔
Recently, there has been considerable interest in currentinduced magnetization switching of nanoscale magnetic devices using spin-polarized currents [1] [2] [3] for applications in the next generation of magnetoresistive random access memory devices. For applications in nonvolatile memories, fast switching ͑periods less than 1 ns͒ with low current pulses is of particular interest. 4 In order to understand complicated magnetization behaviors in nanoelements that involve multidomain configurations, domain oscillations, and domain wall movements ͑all of which are not included in the singledomain model͒, micromagnetic simulations have been used by several research groups. [5] [6] [7] We report in this paper our study of dc-sputtered currentperpendicular-to-plane giant-magnetoresistive spin-valve nanopillars consisting of the following structure: bottom electrode ͑5 nm Ta͉ 30 nm Cu͉ 3 nm Ta͉ 30 nm Cu͉ 5 nm Ta͉ 2 nm Ru͒, synthetic antiferromagnet ͑SAF͒ layer pinned to IrMn ͑7 nm IrMn͉ 3 nm Co 50 Fe 50 ͉ 0.8 nm Ru͉ 3 nm Co 50 Fe 50 ͒, metallic spacer ͑4 nm Cu͒, free layer ͑3 nm Co 60 Fe 20 B 20 ͒, and top electrode ͑20 nm Cu͉ 5 nm Ru͉ 2.5 nm Ta͒. Electron-beam lithography and subsequent ion milling were used to pattern the thin-film structure into ellipses. Devices with dimensions from 104ϫ 40 nm  2 to 200ϫ 100 nm   2 were fabricated and measured. We present data from two sets of devices with different sizes: 104ϫ 40 nm 2 ͑aspect ratio AR= 2.6͒ and 177ϫ 60 nm 2 ͑AR= 2.95͒. All devices were made on the same chip in the same process.
The experimental setup is similar to that described in Ref. 8 , consisting of a nanopillar device mounted in a coplanar waveguide ͑CPW͒ structure with signal conductor on the top and the ground conductor on the bottom of the nanopillar. The CPW structure is contacted with high bandwidth probes, and a current pulse is sent to the device. The device is initially set in the high-resistance antiparallel ͑AP͒ state, and a current pulse is then applied to the device in order to attempt to switch it into the parallel ͑P͒ state. Subsequent to the pulse, the resistance of the device is measured though the inductive ͑low frequency͒ leg of the bias-tee by use of a lock-in amplifier to determine whether switching occurred or not, i.e., whether the device is in the low ͑P͒ or the high resistance ͑AP͒ state. This process was repeated 100 times at each current amplitude and pulse duration to determine the switching probability. During the measurements, a small inplane magnetic field was applied to counterbalance the dipole field coupling with the fixed layer. In addition, a dc bias current was applied to the device to make AP-P and P-AP switching symmetric. About ten devices of each size were tested, and measurements showed that for nominally identical devices, the variations in the device resistance, magnetoresistance, and low frequency switching fields and currents were small, typically less than 5%. In addition, the difference in the resistanceϫ area ͑RA͒ products for devices of different sizes was also less than 5%.
The data of Fig. 1 show the switching probability P s as a function of the pulse current duration t p at various current densities for two representative devices. The intrinsic switching current density Jc 0 is the current density required to switch a device for arbitrarily long pulse duration in the absence of thermal fluctuations ͑at T =0 K͒. Similar to the procedure in Ref. 8 , Jc 0 was calculated from the data in Fig. 1 by fitting the pulse duration needed for 50% switching probability versus pulse current magnitude, followed by fitting t 50 versus I to a function t 50 = a͑I − Ic 0 ͒ −b . Here, however, the a͒ Electronic mail: heindl@nist.gov.
FIG. 1.
͑Color online͒ Switching probability distribution as a function of pulse duration for various pulse amplitudes ͑data taken at T = 300 K͒. Jc 0 is the extrapolated intrinsic switching current density for long pulse durations at T = 0 K. Solid lines are the fits to the data. ͑a͒ 104ϫ 40 nm 2 ellipse, ͑b͒ 177ϫ 60 nm 2 ellipse. switching probability curves were fit to a sigmoidal Hill function ͓P s = 100ϫ ͑t p n / t p n + t 50 n ͔͒, rather than to Fermi functions, which gives a better fit to the data. From these measurements Jc 0 for the two devices is different: ͑30.6Ϯ 1.9͒ ϫ 10 6 A / cm 2 for the 104ϫ 40 nm 2 ellipse and ͑41.2Ϯ 2.5͒ ϫ 10 6 A / cm 2 for the 177ϫ 60 nm 2 ellipse. This cannot be explained with a single-domain model used to predict the intrinsic current density, 2 which gives values of about 20 ϫ 10 6 A / cm 2 for the two devices, using:
, and P are the damping constant, saturation magnetization, free layer thickness, and spin polarization of electrodes, respectively. H k is the in-plane anisotropy ͑mainly shape͒ and H free is the total magnetic field at the free layer. We use the measured values for CoFeB of M s = 1150 kA/ m, ␣ = 0.012, P = 0.4, H free = 0. The shape anisotropies ͑H k ͒ were calculated to be 39 and 25 kA/ m for the 104ϫ 40 nm 2 and 177 ϫ 60 nm 2 ellipses, respectively, and are too small compared to M s to appreciably alter the values of Jc 0 calculated using Eq. ͑1͒. As can be seen from Eq. ͑1͒, the single-domain model predicts a constant current density independent of the device size, assuming all other values are equal. For completeness, we also used Landau-Lifshitz-Gilbert macrospin simulations ͑that include the spin-torque effect͒ to estimate the intrinsic switching current at T = 0 K for the 104ϫ 40 ϫ 3 nm 3 and 176ϫ 60ϫ 3 nm 3 rectangular devices ͑for simplicity we chose rectangular devices and the calculated shape anisotropies for the rectangles were similar to those of the ellipses͒. Using the same parameters as above, the intrinsic current density is about 20ϫ 10 6 A / cm 2 for both device structures, which is the same as the value obtained using Eq. ͑1͒.
In order to understand the discrepancy between the experimental values of Jc 0 for the two devices and those calculated by the single-domain model, as well as the variation in Jc 0 depending on the device size and geometry, we performed a set of micromagnetic simulations using OOMMF with the three-dimensional solver modified to include spin torque term, 10 st = ␥␤͓m ជ ϫ ͑m ជ ϫ m ជ p ͔͒, where ␥ is the gyromagnetic ratio, m ជ is the normalized free layer moment, m ជ p is the normalized fixed layer moment, ␤ = ͑ប 0 e͒͑I / ⍀M s ͒, ⍀ is volume, and =P/ 2. A fieldlike term was not included and a constant efficiency was used. 11 Only the free-layer dynamics were calculated in the simulations. The fixed layer was assumed to have a constant magnetization direction and no magnetostatic interactions between the fixed and the free layer were included. The current I was assumed to be uniformly injected through the device, and the current-generated fields ͑Oersted fields͒ were calculated and included in the simulation. The exchange stiffness was taken to be A =20 ϫ 10 −12 J / m, and all other parameters were as indicated above. The currents were applied instantaneously, as opposed to the experimental pulses, which had a rise time of 45 ps.
In order to determine the intrinsic switching current density, we simulated switching at T = 0 K at various applied currents for a number of elliptical devices with different areas ͑3 nm thickness͒ and aspect ratios. Long axes were varied from 30 to 280 nm, and short axes were varied from 10 to 90 nm, while the aspect ratios used were between 1 and 6. The intrinsic currents were determined in a way similar to that used to extract Jc 0 from the experimental data. The time needed for the magnetization to switch from +1 to −0.5 ͑75%͒ was plotted versus the applied current, and from the fits to these plots we were able to extract the values of the intrinsic switching current densities. Figure 2 shows representative plots for the simulated magnetization switching, the switching time t 75 versus pulse current amplitude, along with the fit used to find the values of the intrinsic switching current. Before switching occurs, one can clearly see oscillations in the magnetization, which will be discussed further below. Next, we simulated the time-dependent magnetization for pulsed current densities very close to the intrinsic current densities ͑about 5% larger than Jc 0 ͒. Figure 4 shows snapshots of the magnetization distribution for the case of the 176ϫ 60 nm 2 ellipse. For short times, the dynamics are described by excitation of end modes that oscillate 180°out of phase ͑antisymmetric͒ with gradually increasing amplitude. When the amplitude reaches a critical value ͑M x / M 5 Ϸ 0.5͒, the symmetry breaks down, followed by excitations that are not coherent and dynamics that are more chaotic in detail. We observe this behavior in all simulations of larger devices at currents close to the intrinsic switching current. To verify that the micromagnetic modeling produces results consistent with the single-domain results, we performed the same micromagnetic simulations with an exchange stiffness of A = 2000ϫ 10 −12 J / m, 100 times larger than in the simulations discussed above ͑the single-domain model corresponds to infinite exchange stiffness͒. In this case, the switching proceeded via quasiuniform precessional dynamics, without the end-mode oscillations, and the results were the same as those obtained from Eq. ͑1͒, Jc 0 =20ϫ 10 6 A cm 2 for the 104 ϫ 40 nm 2 and 177ϫ 60 nm 2 ellipses. Simulations of small devices ͑e.g., 30ϫ 10 nm 2 ͒ with A =20ϫ 10 −12 J / m gave the same behavior.
The results presented here show that in larger devices the single-domain model predicts intrinsic current density values smaller than those experimentally observed. We believe that the reason lies in the occurrence of end-mode oscillations, which tend to dominate the reversal process when highspeed current pulses are used. End-mode oscillations of odd symmetry correspond to the lowest-frequency normal mode for an ellipse. 12 Due to the dipole fields, end-mode oscillations with odd symmetry along the long axis are preferentially excited. The end-modes are initially excited because the spin torque is larger for the end spins, which at the onset of the current pulse are canted with respect to the injected spin polarization direction.
In conclusion, we have shown that Jc 0 , as experimentally measured with high-speed current pulses in elliptical spin valves, increases significantly with increasing device area, which is not predicted with a single-domain model. Micromagnetic simulations indicate a nonuniform and complex magnetization reversal process due to the excitation of end-mode oscillations in the larger structures. In these devices, the micromagnetic simulations better predict the values of the observed intrinsic switching current densities and their variation with device size. We show that micromagnetic effects can, in such circumstances, increase the intrinsic current densities above those predicted by the single domain reversal.
